Introduction {#Sec1}
============

A simple yet powerful technique to reach the quantum regime with neutral atoms has been demonstrated using atom chips^[@CR1],[@CR2]^. The micro-fabricated wires and electrodes are lithographically imprinted on the atom chip to construct complex potentials using magnetic and electric fields to trap and manipulate the atoms^[@CR3]--[@CR6]^. Many aspects of integrated matter wave technology have been demonstrated such as combined magnetic/ electrostatic traps^[@CR7]^, transportation of neutral atoms^[@CR8]^, atomic beam splitters^[@CR9]^, the creation of Bose-Einstein condensation (BEC)^[@CR10]--[@CR12]^, atom interferometer^[@CR13],[@CR14]^, and the integration of optical^[@CR15]^ and magnetic^[@CR16],[@CR17]^ lattices with atom chip.

For many applications, such as in quantum information and communication, quantum sensors and microscopes, and to study various short and long range interaction potentials, it is desired to precisely move trapped atoms in a three-dimensional (3-D) geometry along with temporal control. Indeed the realisation of a "qubit conveyor belt" is required for many implementations of quantum computing^[@CR18]^.

In this regard the transportation of ultra cold atoms using a magnetic "conveyor belt" should be adiabatic such that the atoms remain in the same state during the transport. The demonstrations of transportation of neutral atoms using a magnetic conveyor belt has been realised on an atom chip with two different patterns of conveyor belt wires. The first, using two wires in a repeating square wave type pattern on the surface of the atom chip^[@CR8]^. It is demonstrated that, by applying time dependent currents to the wires, the atom cloud could be split and transported parallel to the atom chip surface. In the second, an array of eight wires are used repeating on the chip surface. By manipulating the currents in those eight wires the atom cloud is transported^[@CR19],[@CR20]^. Both these implementations have some advantages and drawbacks. In the first, using only two wires has the distinct advantage that wires can be placed in one plane. However, it won't be easy to translate the trap without imperfections by modifying only the currents. Thus, adiabatic transport is difficult to achieve. In the second experiment, the use of a set of eight repeating wires would allow to eliminate even higher order trap imperfections by exploiting our approach. The implementation using eight wires however requires twice the number of power supplies compared to the scheme presented here.

In this article a theoretical model is presented to determine both the least number of conductors required for a conveyor belt and the optimised current through them to ensure adiabatic transportation of atoms. We present a new atom chip based conveyor belt design, which is simple to fabricate using printed circuit board (PCB) fabrication techniques. To achieve the adiabatic performance, our design utilises a repeating pattern of just four wires, though only three wires are strictly required. We outline the basic design of our conveyor belt and we experimentally demonstrate the adiabatic performance of the conveyor belt. With as few as three conveyor conductors, adiabatic transport of atoms with minimal loss at a maximum velocity of *v* ~*max*~ = 40 mm/s is demonstrated. This is almost an order of magnitude faster transport in comparison with the previous works as reported to be 5.3 mm/s^[@CR8]^ and 2.6 mm/s^[@CR19],[@CR20]^.

Methods {#Sec2}
=======

Our atom chip is comprised of a two component system with a science chip, connected underneath to a base chip. On the science chip, lithographically printed gold micro-wires in the shape of "U, Z, and I" are used (Fig. [1(a)](#Fig1){ref-type="fig"}) to create different magnetic field geometries to trap and guide the atom cloud. The "I wire", the central wire running through the entire length of the science chip, is used along with the conveyor wires on the base chip for the transportation of the cold atom cloud. All of the science chip wires are connected to the base chip by conductive epoxy.Figure 1The science and base chip schematics are presented here. The science chip, (**a**), is comprised of an array of wires to produce different magnetic trap geometries. The wires are named after characters in the alphabet they geometrically resemble. The direction of current flow through each wires is indicated with arrows. In combination with external magnetic fields, the current through the "U-wire" (indicated with blue arrows) generates the quadrupole field for the magneto-optical trap, the "Z-wire" (indicated with green arrows) is used for the magnetic trap, and the "I wire" (indicated with red arrows) produces the magnetic guide potential for the magnetic conveyor belt. The thickness of the science chip is around 530 μm. Mounted below the science chip is the base chip. The base chip is made of *AlN* and has 13 layers. The second layer, (**b**), has an array of wires which are used to produce the magnetic conveyor belt. There are four repeated wires, separated by 400 *μ*m from each-other. The surface layer, (**c**), has pads to connect the science chip wires (right), and pads for copper wire connections to a feedthrough (left). The pads are connected with internal conductors. To allow higher currents we repeat this structure over several layers. The conveyor belt wires are located around 120 *μ*m below the top surface of the base chip. The total thickness of the base chip is 1.5 mm.

The base chip performs two functions; first, the base chip has its own set of wires, which form the conveyor belt transport wires as shown in the Fig. [1(b)](#Fig1){ref-type="fig"} and second, to connect the science chip to copper wires that exit the vacuum chamber via a vacuum feedthrough as shown in the Fig. [1(c)](#Fig1){ref-type="fig"}. These two functions are enabled by using a multilayer base chip design, fabricated in aluminium nitride (*AlN*). *AlN*, a covalently-bonded ceramic, is chosen for fabrication due to its outstanding properties such as high thermal conductivity and high electrical resistivity. The science chip is designed and manufactured in-house ^[@CR21]^. The base chip is manufactured by commercially available PCB fabrication methods techniques used for the heat sinks of LED and CMOS chips.

The experimental sequence for the cold atom transport is as follows. The ^87^Rb atoms are magneto-optically trapped (MOT) using a bias magnetic field and current through a U-shaped copper wire (U-wire) of 3 × 3 mm cross-section, approximately 4 mm directly below the U-wire on the science chip (and base chip), using the well known mirror-MOT technique^[@CR1],[@CR2]^. The science chip's gold (Au) surface acts as a mirror for the MOT. The current in the copper U-wire (not shown), initially 24 A for the MOT loading time for 10 seconds, is ramped down while the science chip's U-wire (Fig. [1(a)](#Fig1){ref-type="fig"}) current is ramped up, to a maximum of 1.5 A. In this way approximately 1.5 × 10^6^ atoms are transferred to the MOT created by the science chip's U-wire. A typical temperature of around 200 *μ*K is observed. The magnetic field gradient is calculated to be around 10--15 G/cm for the MOT loading stage.

The atoms are then compressed to mode-match with the magnetic trap created by the Z-wire (Fig. [1(a)](#Fig1){ref-type="fig"}) using a magnetic field gradient of 55 G/cm and are held 350 *μ*m away from the chip surface. A short stage (5 ms) of optical molasses cooling is performed after the compression of the MOT, followed by an optical pumping before loading into the magnetic trap created by the Z-wire of the science chip (Z-MT). All the magnetic fields are turned off during the optical molasses cooling.

To improve the loading efficiency of the magnetic trap, all the atoms from different m~*F*~ levels of the MOT are optically pumped to the 5^2^ *S* ~1/2~, F = 2, m~*F*~ = 2 weak-field-seeking state. A circularly polarized $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma $$\end{document}$ + beam is used for optical pumping and a magnetic bias field of 3 G along the beam direction is used to define the quantization axis. After the optical pumping, the Z-wire current is ramped up from 0 to 1.5 A. At the same time the magnetic field perpendicular to the I-wire is ramped up to 1 G, while the magnetic field along the I-wire is kept at 10 G to load the atoms in the Z-MT.

The atoms are transferred from Z-MT to a "dimple" magnetic trap using the guide wire (I-wire) on the science chip and the conveyor belt wires in the base chip. Typically 300 × 10^3^ atoms are loaded into the trap, though it is possible to capture up to 1 × 10^6^ atoms from the molasses. The temperature of the atom cloud in the magnetic trap is measured around 10 *μK*. The current through the I-wire is 0.9 A, the magnetic fields parallel and perpendicular to the I-wire are 5.4 G and 18.2 G respectively (see Fig. [2](#Fig2){ref-type="fig"}). These values are kept constant during the atom transportation and only the currents passing through the conveyor wires are altered. The current through one of the conveyor wires, which is below the Z-wire, is kept at 0.5 A for the dimple trap loading. Current through the individual conveyor wire is limited to 1.5 A. After loading the conveyor belt using a dimple trap, we transport the atoms to a set of on-chip fibre optics as indicated in the Fig. [1(a)](#Fig1){ref-type="fig"}. In order to minimise heating and atom loss from the trap during transport, we implement optimized current waveforms through the conveyor wires. The optimization technique is described in the section below.Figure 2The conveyor belt consists of a guide wire carrying a current *I* ~*w*~, and transport wires with currents *I* ~1~, *I* ~2~, and *I* ~3~, etc. to the last wire *I* ~*N*~. The transport wires are separated a distance *L* from each other. The magnetic fields from these wires are counteracted by external magnetic fields to $\documentclass[12pt]{minimal}
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Results {#Sec3}
=======

Optimization of the currents {#Sec4}
----------------------------

For a smooth transport along the wire it is required that the trapping frequencies remain the same at all positions along the wire. To optimise the conveyor belt, we use a one dimensional model where we assume that the transverse and longitudinal trapping frequencies are independent. This approximation is valid when the principal axes of the trap are aligned with the trapping wires.

Consider the situation illustrated in Fig. [2](#Fig2){ref-type="fig"} where atoms are held by a guide wire along the x-axis, carrying a current *I* ~*w*~. A guide is formed when an external bias field $\documentclass[12pt]{minimal}
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In such a guide the potential is a quadrupole field, where atoms would be lost due to the Majorana spin flips. Applying an additional field along the guide wire $\documentclass[12pt]{minimal}
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                \begin{document}$${\mu }_{B}$$\end{document}$ the Bohr magneton, and *r* the distance from the minimum. The transverse field curvature around the minimum is given by,$$\documentclass[12pt]{minimal}
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Trapping along the guide is formed by running currents (*I* ~*k*~, *k* = 1, 2, 3) through wires perpendicular to the guide wire that counteract and reduce the field $\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{{\rm{Ioffe}}}$$\end{document}$. Assuming that *y* ~0~ remains unaffected by the wires *I* ~*k*~, the field along the guide centre becomes$$\documentclass[12pt]{minimal}
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                \begin{document}$${B}_{x}={B}_{{\rm{Ioffe}}}-\frac{{\mu }_{0}{I}_{1}}{2\pi }\frac{h}{{h}^{2}+{(x+L)}^{2}}-\frac{{\mu }_{0}{I}_{2}}{2\pi }\frac{h}{{h}^{2}+{x}^{2}}-\frac{{\mu }_{0}{I}_{3}}{2\pi }\frac{h}{{h}^{2}+{(x-L)}^{2}},$$\end{document}$$where, *L* is the separation between the wires, and *h* the distance from the wires to the guide as illustrated in Fig. [2](#Fig2){ref-type="fig"}. It is assumed that the wires are thin and long.

Here we calculate the currents that allows a smooth transport of atoms from −*L*/2 to *L*/2. When the atoms have reached *L*/2, the process can be repeated by shifting the current configurations to new wires. During the transport the following conditions should be satisfied: i) The current configuration provides a single minimum for *B* ~*x*~ at any position between −*L*/2 and +*L*/2, ii) the magnetic field minimum should remain constant to maintain a constant transverse trap frequency, and iii) the axial curvature should remain constant to keep the axial trap frequency constant. These three conditions allow us to solve for the three currents. The equations are:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\partial }_{x}{B}_{x}(x)|}_{x={x}_{0}}=0$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${B}_{x}({x}_{0})={B}_{0} < {B}_{{\rm{Ioffe}}}$$\end{document}$$ $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${{\partial }_{xx}{B}_{x}|}_{x={x}_{0}}=C,$$\end{document}$$where, *B* ~0~ is the wanted trap bottom, and *C* is the desired field curvature.

Solving these equations for *I* ~1~, *I* ~2~ and *I* ~3~ gives:$$\documentclass[12pt]{minimal}
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It is convenient to select a simple starting condition, for instance $\documentclass[12pt]{minimal}
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This also gives an important constraint on the geometry. For a wire separation $\documentclass[12pt]{minimal}
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                \begin{document}$${I}_{1}=0$$\end{document}$. To repeat the transport across multiple transport wires, this final configuration is the starting condition for transport using wires *I* ~2~, *I* ~3~, and *I* ~4~ located at a distance *L* from wire *I* ~3~. The currents for this is plotted in Fig. [3](#Fig3){ref-type="fig"}.Figure 3In (**a**) and (**b**) we plot the currents *I* ~1~ (red), *I* ~2~ (black), and *I* ~3~ (green) as the trap position is moved from −*L*/2 to *L*/2. For the position −*L*/2 the currents are normalised to $\documentclass[12pt]{minimal}
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                \begin{document}$$h < \sqrt{3/4}L$$\end{document}$. In (**c**) the current waveforms provided by several wires separated by a distance *L* have been stitched together to provide a longer transport distance. The behaviour of the equations ([7](#Equ7){ref-type=""}--[9](#Equ9){ref-type=""}) are illustrated without units in this figure.
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To test this approximation, we calculate the magnetic fields by integrating Biot-Savart's law along the current carrying wires. Here we use the parameters close to our experimental values, i.e., *L* = 800 μm, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu m$$\end{document}$ as shown in the Fig. [4(a)](#Fig4){ref-type="fig"} and both axial and radial trap frequencies are almost constant during atom transport as shown in the Fig. [4(b)](#Fig4){ref-type="fig"}.Figure 4In (**a**) we plot the numerically calculated deviation in position of the atoms along the three axes during transportation along the x axis. We scan *x* ~0~, the trap centre, from −*L*/2 = −400 *μm* to *L*/2 = 400 *μm*. The brown line shows $\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}z$$\end{document}$, the deviation along the *z* axis. This deviation is supposed to be zero if the approximation is exact. Here we note that the trap wiggles about 250 nm along the chip surface which is insignificant for a transport distance of 800 *μm*. In (**b**) the transverse (black and blue) and axial trap (red) frequencies are plotted as the trap is moved from −400 *μm* to 400 *μm*. From the numerical calculation, we observe that the trap frequencies are almost constant during atom transport. The axes representation follows from the Fig. [2](#Fig2){ref-type="fig"}.

Conveyor belt characterisation {#Sec5}
------------------------------

To verify the model described in the above section, we have performed temperature measurements of the magnetically trapped atoms after transportation. An important parameter of the current waveforms is the height (*h*), which is the distance between the atom cloud and the conveyor belt wires. It is evident from the Fig. [3](#Fig3){ref-type="fig"} that the waveforms change significantly depending on this height (*h*), as provided in the equations [7](#Equ7){ref-type=""}--[9](#Equ9){ref-type=""}. The magnetic trap minimum in the vertical direction perpendicular to the chip surface is determined by the guide wire current and the external bias field as provided in equation [1](#Equ1){ref-type=""}.

In order to move the atoms with a minimal change in curvature, the height (*h*) should be set correctly in equations [7](#Equ7){ref-type=""}--[9](#Equ9){ref-type=""}. In reality the exact value for the height of the cloud from the conveyor belt is not known. We experimentally determine true the value of *h* in the following manner. We transport the atoms using current waveforms calculated for different choices of *h*. If the real distance between the cloud and the conveyor wires' surface matches one of our choices of *h*, we would expect to see minimal heating of the cloud during transportation as that would satisfy all the three conditions given in equations [4](#Equ4){ref-type=""}--[6](#Equ6){ref-type=""}. However, if the value of *h* is incorrectly assigned in the calculation, we would expect heating.

To verify this we assign several values for *h* from 0.8 mm to 4.0 mm and calculate different current waveforms for the conveyor wires. For each guessed value of *h*, we measure the temperature of the cloud after the transportation. In this experiment the atoms are moved a distance of 1.6 mm (0.8 mm in the forward direction and again backwards). To eliminate any heating due to changing the loading conditions of the cloud, we perform a differential temperature measurement. We measure the difference in temperature of the cloud that is transported versus a stationary cloud loaded into the magnetic-trap under the same conditions. This differential measurement thus reveals the heating solely due to the transport.

Figure [5](#Fig5){ref-type="fig"} shows that there is almost no heating of the cloud for *h* = 1.2 mm. This is consistent with the distance between the cloud and the conveyor belt wires from the theoretical prediction. The distance of the cloud from the science chip surface (*y* ~0~) is estimated to be around 100 $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu m$$\end{document}$ (equation [1](#Equ1){ref-type=""}), where, the current through the guide wire is 0.9 A along with a magnetic field of 18.2 G perpendicular to the wire. Each data point corresponds to the mean difference of three measurements of the temperature for the moved and stationary clouds. The error bars indicate the standard deviation. For the values of *h* = 1.1, 1.2, and 1.3 mm, additional measurements are performed to verify the repeatability.Figure 5Heating due to the transportation of the cloud as a function of the current waveform height parameter. The minimum heating occurs at *h* = 1.2 mm. The solid line shows the total change in curvature ($\documentclass[12pt]{minimal}
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                \begin{document}$${\rm{\Delta }}C$$\end{document}$) of the magnetic trap due to transport, calculated numerically as a function of *h*. We clearly observe a similar behaviour of the cloud heating and the curvature change. This validates that the heating is due to changes in the curvature of the trap at different location along the transport route. Inset: Atom loss due to transportation. $\documentclass[12pt]{minimal}
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                \begin{document}$$N/{N}_{0}$$\end{document}$ is the relative atom number remaining after transport, compared to a stationary cloud held for the same time. The points are an average of three measurements, and the error bar is the standard deviation. A little loss is observed after 6.4 mm of transport, and the loss is most likely due to collision of atoms with optical fiber placed on the chip surface as shown in the Fig. [1(a)](#Fig1){ref-type="fig"}. The atoms are transported from the center of the science chip towards the fiber.

We observe that the heating follows the changes in curvature of the trap as shown in the Fig. [5](#Fig5){ref-type="fig"}, as expected. For the correctly assigned value of *h*, no measurable heating is observed. The trapping frequencies remain almost constant at all positions as predicted in the Fig. [4(b)](#Fig4){ref-type="fig"}. At large cloud-wire distances the current waveforms change very little, however at distances very close to the wires the waveforms change dramatically, as shown in the Fig. [3](#Fig3){ref-type="fig"}. This explains the plot of the differential temperature measurement in Fig. [5](#Fig5){ref-type="fig"}, where we observe greater heating of atoms closer to the conveyor wire than further away. We didn't observe any increase in temperature within our statistical limits at *h* = 1.2 mm, during the transportation.

Another important performance criterion for an atom chip conveyor belt, is to demonstrate that atoms are not lost due to the transport. When atoms are trapped in a magnetic potential, atoms are lost over time, due to collisions of background gas in the vacuum system. In order to confirm if the atom loss occurs during the transportation using the the conveyor belt, one needs to take into account the atom loss due to the magnetic trap's lifetime. To verify, we measure the atom number for a transported cloud and for a stationary cloud held for same time as the transportation time, with the exactly same loading conditions. We then divide the measured atom numbers from each other and observe the atom loss due to the transport, independent of the natural trap lifetime. The measurement is then repeated over different distances of transport. The inset in Fig. [4](#Fig4){ref-type="fig"} shows the relative atom number over different transport distances. The points in the plot are an average of three measurements, with the standard deviation forming the error bars. We observe no atom loss for distances up to 6.4 mm, and 91% of the atoms remain at 8 mm. This small loss is most likely due to some collisions with an optical fiber placed on the chip surface.

For an ideal conveyor belt one would like to move the atomic cloud not only adiabatically, but also as quickly as possible in order to minimise dead time and to avoid atom loss due to magnetic trap's limited lifetime. Once the atom cloud to the conveyor wire distance (*h*) is found, it is possible to move the atoms with any position-acceleration profile, limited only by the gradient and depth of the trap. We have found no significant heating dependent on the acceleration profile. In this experiment, the atoms are transported adiabatically almost without loss, with a maximum velocity of $\documentclass[12pt]{minimal}
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                \begin{document}$${v}_{max}$$\end{document}$ = 40 mm/s.

Discussion and Conclusion {#Sec6}
=========================

We have shown an analytical model of a minimalist magnetic conveyor belt for neutral atoms trapped using atom chip technology. Using this model we have calculated the optimal set of wire currents needed to transport atoms across the surface without changing the trap curvature or height, and thus maintaining the temperature of the atom cloud unchanged. The theoretical model and current optimization technique for adiabatic atom transport is not limited to a magnetic trap, this model could also be adapted for ion transport. We have built and characterised the conveyor belt, showing almost no heating or loss due to the transportation of the trapped atoms at a maximum velocity of $\documentclass[12pt]{minimal}
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                \begin{document}$${v}_{max}$$\end{document}$ = 40 mm/s. Combining our method with more wires ^[@CR19],[@CR20]^, we expect it to be possible to perform ultra-quiet transport, or to accelerate atoms to very high velocities. The fast transport allows to overcome the atom loss due to the life time, as well as perform faster measurements. The minimalistic and optimized approach, towards the design of the conveyor belt, lends itself for easy implementation towards compact and portable atom chip devices required for quantum sensors, quantum optics and information.
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